Objective: Several formulas based in different biomarkers may be used to estimate glomerular filtration rate (GRF). However, all of them have some limitations, and it is very important to evaluate their performances in different groups of patients. Therefore, we compared GFR, as estimated by creatinine-based and cystatin C-based equations, according to albuminuria, in type 1 diabetes (T1DM), in an observational case-control study. Subjects and methods: T1DM patients were classified according to albuminuria: normoalbuminuric (n = 63), microalbuminuric (n = 30), macroalbuminuric (n = 32). GFR was calculated using creatinine-based and cystatin C-based (aMDRD, CKD-EPIcr, CKD-EPIcys, MacIsaac, Tan and CKD-EPIcrcys) equations. Spearman Correlation was used to evaluate the correlation of GFR estimated by the formulas with albuminuria. ROC curves were constructed to compare AUCs of GFR estimated by equations, in reference to macroalbuminuria. Sensibility, specificity and accuracy were calculated for a cut-off < 60 mL/min/1.73 m 2 . Results: GFR estimated by creatinine-based and cystatin C-based equations significantly differed among normoalbuminuric, microalbuminuric and macroalbuminuric patients. Spearman correlation and AUCs of GFR estimated by creatinine-based and cystatin C-based formulas were very similar to each other, though cystatin C-based equations presented better correlation with albuminuria and higher AUCs than the creatinine-based ones, and the best accuracy to detect macroalbuminuric patients. Conclusion: Although GFR estimated by all creatinine-based and cystatin C-based equations permitted the differentiation between T1DM patients, according to albuminuria, cystatin C-based equations presented best accuracy to detect macroalbuminuria in T1DM patients and should be considered in the clinical routine in order to increase the possibility of early diagnostic of chronic renal disease. Arch Endocrinol Metab. 2016;60(2):108-16 
INTRODUCTION

D iabetic nephropathy is characterized by a progressive increase in urinary albumin excretion (UAE).
Moreover, it is associated to glomerular filtration decline and, eventually, renal failure (1) . It is the most important cause of end stage renal disease (ESRD), and an independent risk factor for cardiovascular disease (2) . It is estimated that 25 to 40% of type 1 (T1DM) and type 2 (DM2) diabetic patients develop renal disease 20 to 25 years after the diagnosis of diabetes (3) .
Diabetic nephropathy can be divided into stages, according to UAE. The initial stage or incipient nephropathy is characterized by microalbuminuria, while the advanced stage or clinical nephropathy is characterized by macroalbuminuria (4) . UAE is the most important biomarker of renal parenchyma injury, and is used to diagnose and to establish the prognosis of nephropathy (5) . The evaluation of UAE must be conducted along with glomerular filtration rate (GFR) estimation to assess renal function in diabetic patients, since some patients with normoalbuminuria present a decline in GFR (4, 6) .
The most used creatinine-based equations to estimate GFR in clinical practice are Cockcroft-Gault (CG) and abbreviated Modification of Diet in Renal Disease (aMDRD) (7, 8) . However, the CG formula tends to overestimate GFR, especially in patients with severe renal disease, and aMDRD tends to subestimate GFR of persons with normal renal function (9) (10) (11) . Besides, the CG formula was developed before standardization of creatinine assays and cannot be re-expressed for use with these assays (12). The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) research group developed a new creatinine-based equation to estimate GFR as an attempt to overcome the limitations of the other formulas (13) . However, this new equation also has some limitations, since it has not been extensively studied in different populations yet, and there is still no ideal equation to estimate GFR (14, 15) .
Cystatin C, a new endogenous biomarker of renal function, was also proposed to assess GFR (16) (17) (18) . It is a cysteine protease inhibitor with low molecular-weight (13.3 kDa) that is freely filtered and almost taken up and degraded but not secreted by proximal tubular cells. Cystatin C is one of the biomarkers that meet the conditions necessary for an endogenous substance to be marker of the GFR. It is produced by the nucleated cells in a constant amount, released into bloodstream with a halp-life of 2 hours, and its serum concentration does not depend on muscle mass and protein intake, which reduces the influence of age, gender, weight (19) (20) (21) . Some authors have suggested that cystatin C-based equations are equal or superior to creatininebased ones and to creatinine clearance, especially to detect early stages of chronic kidney disease (22, 23) . However, they emphasize that further studies are necessary to evaluate its efficacy in different groups of patients and that cystatin C serum levels should be interpreted carefully because there are some factors that can affect its levels regardless of the renal function, such as thyroid dysfunction, glucocorticoids use and malignancies (16, 17, 20) .
In this study, we compared the estimation of GFR by different creatinine-based and cystatin C-based equations in T1DM patients classified according to levels of albuminuria.
SUBJECTS AND METHODS
The clinical records of all consecutive 140 T1DM patients receiving assistance at the Endocrinology Ambulatories of University Hospital (Hospital das Clínicas) and Santa Casa/Belo Horizonte, Brazil, from November 2011 to September 2012, for quarterly or biannual check up, were analyzed and 15 were excluded from the study due to presence of at least one of the following exclusion criteria: hepatic disease, alcoholism, haemostatic abnormalities, malignant diseases, acute infectious, history of kidney transplantation, pregnancy or undergoing hemodialysis. After application of exclusion criteria, 125 patients with clinical and laboratorial diagnosis of T1DM (24), 18 to 60 years old, were selected for this study.
All procedures performed in this study were in accordance with the 2000 Declaration of Helsinki as well as the Declaration of Istanbul 2008. The Research Ethics Committee of Federal University of Minas Gerais approved this study (CAAE -0392.0.203.000-11). An informed consent was obtained from all individual participants included in the study. The research protocol did not interfere with any medical recommendations or prescriptions.
Data regarding age, sex, weight, height, time of diagnosis of diabetes, presence of retinopathy and neuropathy, use of antihypertensive, statin and acetylsalicylic acid (AAS) were obtained from medical records. Fasting glucose, creatinine and urea were determined by enzymatic method; albumin was assessed by colorimetric method and HbA1c was determined by immunoturbidimetric method; using Johnson & Johnson dry chemistry technology kits (Ortho Clinical Diagnostics ® ) and VITROS 4600 analyzer. ELISA (Human Cistatin C kit -Biovendor ® ) was used to measure Cystatin C. UAE was determined in urine samples collected after at least 4 hours of urinary retention, and urinary albumin was normalized by urinary creatinine. Urinary albumin was evaluated by immunoturbidimetric method and urinary creatinine was assessed by enzymatic method, using Johnson & Johnson dry chemistry technology kits (Ortho Clinical Diagnostics ® ) and VITROS 4600 analyzer.
Normoalbuminuria was defined as < 30 mg of albumin/g of creatinine, microalbuminuria as ≥ 30 and < 300 mg of albumin/g of creatinine and macroalbuminuria as ≥ 300 mg of albumin/g of creatinine. The presence of microalbuminuria or macroalbuminuria was confirmed in two out of three occasions, over a period between three and six months (6) .
The estimated GFR was calculated using two creatinine-based equations: eGFR-aMDRD expressed for standardized serum creatinine (25) and eGFR-CKDEPIcr (13); three cystatin C-based equations: eGFR-CKD-EPIcys (16), eGFR-MacIsaac (17), eGFR-Tan (18) ; and one equation based on creatinine and cystatin C: CKD-EPIcrcys (16) ( Table 1) . CG formula was not used because it cannot be re-expressed for standardized serum creatinine (12). ; eGFR < 60 mL/min/1.73 m 2 . Statistical comparisons were performed using SPSS software (version 20.0, SPSS). It was calculated that at least 27 subjects per group would be enough to detect differences of 20 mL/min/1.73 m 2 in GFR between groups, with a standard deviation of 25 and test power of 90%. The Shapiro-Wilk test was used to test the normality of the variables. Data normally distributed were expressed as mean ± SD and were compared by ANOVA and T test. Data not normally distributed were expressed as median (percentiles 25%-75%) and were compared by Kruskal-Wallis H test and Mann-Whitney U test, followed by Bonferroni correction. Categorical variables were expressed as frequencies and compared using chi-square test (c 2 ). Spearman Correlation was applied to evaluate the correlation of the GFR estimated by the formulas with UAE. eGFR was categorized into three groups (≥ 90, ≥ 60 and < 90 and < 60 mL/min/1.73 m 2 ) and was compared to normoalbuminuria, microalbuminuria and macroalbuminuria using chi-square test (c   2   ) and kappa index was calculated. eGFR was also categorized into two groups (≥ 60 and < 60 mL/min/1.73 m 2 ) and was compared to normoalbuminuria or microalbuminuria and macroalbuminuria using chi-square test (c 2 ) and odds ratio was calculated. ROC curves were constructed to compare the area under curve (AUC) of GFR estimated by different equations, in reference to macroalbuminuria. Sensitivity, specificity and accuracy were calculated for a cut-off < 60 mL/min/1.73 m 2 . Differences were considered significant when p ≤ 0.05.
RESULTS
Characteristics and clinical variables of the125 T1DM patients included in this observational case-control study are presented in Table 2 .
Patients with macroalbuminuria presented lower BMI than patients with micro and normoalbuminuria (p = 0.001 and p = 0.006, respectively) and an increased frequency of retinopathy, more frequent use of antihypertensive, statin and AAS than patients with normoalbuminuria (p < 0.001, p < 0.001, p = 0.001, p = 0.001, respectively). There were no significant differences among the groups regarding to age, sex, time of diagnosis and frequency of neuropathy. Fasting glucose was lower in patients with microalbuminuria as compared to patients with normoalbuminuria (p < 0.001). Higher levels of HbA1c and reduced serum albumin were observed in patients with macroalbuminuria, when compared to those with normoalbuminuria (p = 0.009 and p = 0.007, respectively). Patients with microalbuminuria presented increased levels of urea than patients with normoalbuminuria (p = 0.001) and patients with macroalbuminuria had higher levels of urea, creatinine and cystatin C than the other groups (p < 0.001). eGFR was reduced in patients with microalbuminuria compared to patients with normoalbuminuria, independent of the equation used to estimate GFR (eGFR-aMDRD, p = 0.004; eGFR-CKDEPIcr, p = 0.001; eGFR-Tan, p = 0.003; eGFR-MacIsaac, p = 0.003; eGFR-CKD-EPIcys, p = 0.002; eGFR-CKDEPIcrcys, p = 0.006). eGFR was also reduced in patients with macroalbuminuria as compared to patients with micro and normoalbuminuria, independent of the equation used to estimate GFR (p < 0.001).
The classification of patients according to GFR as estimated by the formulas (eGFR ≥ 90 mL/min/1.73 m 2 ; eGFR ≥ 60 and < 90 mL/min/1.73 m 2 ; eGFR< 60 mL/min/1.73 m 2 ) was correlated to the classification of patients according to UAE (Table 3 ). The kappa in- Normally-distributed data were expressed as mean ± SD and compared by ANOVA and T test. Not normally distributed data were expressed as median (percentiles 25% -75%) and compared by the Kruskal-Wallis H test and Mann-Whitney U test, followed by Bonferroni correction. Categorical variables were expressed as frequencies n (%) and compared using the chi-square test (c 2 ). * P < 0.05 for patients with microalbuminuria compared to patients with normoalbuminuria. ** P < 0.05 for patients with macroalbuminuria compared to patients with normoalbuminuria. † P< 0.05 for patients with macroalbuminuria compared to patients with microalbuminuria. ) were compared to classification of patients according to albuminuria (normalbuminuria, microalbuminuria and macroalbuminuria) using the chi-square test (c 2 ) and Kappa index was calculated. Spearman correlation was calculated to compare non-categorized GFR estimated by formulas with non-categorized albuminuria.
dex and Spearman correlation were used to assess the quality of the patients' classification. The classification of patients according to GFR estimated by aMDRD equation had a regular correlation with the classification of patients according UAE (0.20 ≤ k ≤ 0.39), while GFR estimated by CKD-EPIcr, CKD-EPIcrcys and cystatin C-based equations presented a moderate correlation (0.40 ≤ k ≤ 0.59). Spearman correlation has shown that GFR estimated by cystatin C-based equations presented a better correlation with UAE than GFR estimated by CKD-EPIcrcys and creatinine-based equations.
Patients were also classified into two groups according to GFR estimated by the formulas (eGFR ≥ 60 and < 60 mL/min/1.73 m 2 ) and GFR was associated to presence or absence of macroalbuminuria ( Table 3) . The reduced GFR estimated by all the formulas presented a significant association with macroalbuminuria, as observed by odds ratio analysis [OR of 14.8 (5.7 -38.9), 21.2 (7.1 -62.8), 17.9 (6.3 -51.0) and 31.9 (10.5 -97.3) for aMDRD, CKD-EPIcr, CKDEPIcrcys and cystatin C-based equations, respectively].
It was also observed that the GFR estimated by cystatin C-based equations presented a better association with macroalbuminuria than the GFR estimated by CKDEPIcrcys and creatinine-based equations.
ROC curves were constructed to compare AUCs of GFR estimated by the formulas in reference to presence of macroalbuminuria and very similar AUCs were observed (Figure 1 ). However, it was verified that cystatin C-based equations presented higher AUCs than CKDEPIcrcys and creatinine-based equations. We also calculated sensitivity, specificity and accuracy for a cut-off < 60 mL/min/1.73 m 2 and observed that aMDRD and cystatin C-based equations presented the same sensitivity to detect patients with macroalbuminuria, while CKDEPIcr and cystatin C-based equations presented the same specificity. However, aMDRD and CKD-EPIcrcys formulas presented a worse specificity than cystatin Cbased equations, while CKD-EPIcr and CKD-EPIcrcys formulas presented a worse sensitivity. Accuracy was very similar among the formulas, however, cystatin C-based equations presented higher accuracy than CKD-EPIcrcys and creatinine-based equations (Table 4) . 
DISCUSSION
Nephropathy is a very common complication in T1DM patients. Early detection of this complication is a relevant issue, since the majority of patients with nephropathy have hypertension, dyslipidemia and an increased risk of cardiovascular disease and renal failure (4). Several biomarkers and formulas based in these biomarkers may be used to estimate GFR and to evaluate renal function. However, all of them have limitations and there is still no ideal biomarker. Moreover, very few studies have compared their performance in T1DM patients. Here, we have compared two important biomarkers, creatinine and cystatin C, and their most used derived formulas to estimate GFR. Furthermore, we evaluated the correlation of these formulas with the levels of UAE, a recognized biomarker of renal injury, in T1DM patients.
As expected, clinical findings differed in diabetic patients according to UAE. Increased frequencies of use of antihypertensive, statin and AAS were observed in patients with macroalbuminuria, as expected (4,26). An increased frequency of retinopathy was also detected, which can be explained by the fact that retinopathy and nephropathy are both microvascular complications of diabetes and may have similar pathological mechanisms (26) . The frequency of neuropathy was not associated with UAE. Since neuropathy is an early complication of diabetes, neuropatic involvement usually takes place before renal commitment. Therefore, neuropathy is usually present in both patients with and without nephropathy (24) . Patients with macroalbuminuria also presented increased levels of HbA1c, indicating a poor glycemic control, which is indeed a risk factor for diabetic nephropathy, and decreased BMI, since malnutrition is common conditions in patients with renal disease (4, 26) .
In this study, patients with normoalbuminuria, microalbuminuria and macroalbuminuria could be properly distinguished, regardless the creatinine-based equation used to estimate GFR, although serum creatinine was not discriminatory enough to differentiate patients with normoalbuminuria and microalbuminuria. This result is due to the fact that serum creatinine is affected by several other factors besides GFR and it is less sensitive to detect mild renal dysfunction. It has been demonstrated that GFR declines to approximately half the normal level before serum creatinine rises above the upper limit of normality (27) . GFR as estimated by all cystatin C-based equations also differed according to the levels of UAE, while plasma cystatin C did not distinguish patients with normoalbuminuria and microalbuminuria in this study. It has been demonstrated that cystatin C is a better biomarker to detect early renal dysfunction in diabetic patients with normoalbuminuria (21) . Therefore, its levels could already be elevated in patients with normoalbuminuria that present mild decline of GFR. In agreement, some studies have shown that serial measurements of plasma cystatin C can be useful to detect early renal dysfunction in T1DM patients (28, 29) .
Some patients with normoalbuminuria presented reduced GFR, independent of the equation used to estimate GFR. Decline in GFR has been detected in T1DM and DM2 patients with normoalbuminuria (30, 31) . While this finding may suggest the presence of renal dysfunction in the absence of albuminuria, the decline of GFR might also be due to underestimation of GFR by the equations used. We have observed that when aMDRD equation was used to estimate GFR, an increased number of patients with normoalbuminuria presented reduced GFR. This is in agreement with other studies, which have demonstrated that this formula tends to underestimate GFR in patients with normal renal function (9, 29) .
Regardless of the equation used to estimate GFR, some patients with macroalbuminuria presented normal GFR or just a mild decline in GFR. This result suggests that simultaneous assessment of UAE and GFR are complementary for diagnosis of T1DM patients with nephropathy. Many patients with microalbuminuria also presented normal GFR, regardless of the equation used to estimate GFR, which can be explained by the fact that microalbuminuria is an earlier biomarker of renal injury and a risk factor for progression of nephropathy (6, 32) .
The classification of patients according to GFR as estimated by aMDRD equation presented the worst correlation with the UAE classification of patients, while CKD-EPIcr formula presented the best correlation, according to Kappa index evaluation. Among creatinine-based equations, aMDRD formula also presented a worse accuracy to detect patients with macroalbuminuria, as compared to CKD-EPIcr formula. Besides, CKD-EPIcr formula has shown better association with UAE than aMDRD equation, by applying Spearman Correlation. This result is in agreement with other studies, which have demonstrated that CKD-EPIcr [33] [34] [35] . Indeed, National Kidney Foundation has recently recommended the use of CKD-EPIcr formula to evaluate GFR (35) .
The odds ratio analysis has demonstrated that the GFR < 60 mL/min/1.73 m 2 estimated by cystatin Cbased and creatinine-based equations presented similar associations with macroalbuminuria, indicating that a reduced GFR estimated by any of these formulas is significantly associated with renal injury. However, cystatin C-based equations presented a slightly increased association with macroalbuminuria than CKD-EPIcrcys and creatinine-based equations. Spearman Correlation and ROC curves comparing AUCs for creatinine-based and cystatin C-based formulas were also very similar to each other. However, cystatin C-based equations presented a slightly better correlation with UAE and higher AUCs to detect patients with macroalbuminuria than CKDEPIcrcys and creatinine-based equations. Although cystatin C-based equations have presented the same sensitivity of aMDRD formula and the same specificity of CKD-EPIcr formula to detect patients with macroalbuminuria, they have showed a better specificity than aMDRD and CKD-EPIcrcys formulas, a better sensitivity than CKD-EPIcr and CKD-EPIcrcys formulas and a higher accuracy than these formulas. These data suggest a better association between cystatin C-based formulas with the presence of renal injury. In agreement, Yoo and cols. (36) have demonstrated that the annual change in GFR estimated by cystatin C-based formula reflected the progression of albuminuria more accurately than GFR estimated by aMDRD formula in DM2 patients.
Nonetheless, the superiority of cystatin C-based equations to evaluate the presence of renal dysfunction in diabetic patients is still controversial. Thus, some authors have suggested that cystatin C-based formulas and serum cystatin C improve the assessment of renal function of these patients compared to creatinine-based formulas (18, 28, 29, 37, 38) while others suggest that they have the same efficacy to evaluate renal function of diabetic patients (39, 40) . Therefore, further studies are still necessary to elucidate this issue and to assess whether cystatin C-based equations really improve the assessment of GFR or not. Furthermore, it is extremely important to evaluate the performance of creatininebased and cystatin C-based formulas to estimate GFR in patients with different stages of UAE, since the evaluation of GFR and UAE are complementary to early detection of renal disease.
The transversal design of this study is a limitation, since longitudinal determinations of the GFR are more relevant for monitoring renal function than a unique measure. Indeed, it has been demonstrated that serial measurements of cystatin C may be more useful for evaluation of early renal function decline than GFR estimated by creatinine-based equations (29) . Nevertheless, further longitudinal studies with larger sample size may be still necessary. The lack of a gold standard biomarker of GFR, such as inulin clearance, may be raised as another limitation of this study. However, measurement of inulin clearance requires patient hospitalization, which delays the diagnosis and reduces their feasibility in the routine management of patients with renal dysfunction. Given to their simplicity and accessibility, evaluation of renal function is more frequently performed through albuminuria and creatinine-based and cystatin C-based formulas. Therefore, comparisons of creatinine-based and cystatin C-based formulas with albuminuria are still relevant, helping clinicians to evaluate their utility and limitations for early detection of renal injury in T1DM patients.
In agreement, our results suggest that creatininebased and cystatin C-based equations were equally able to estimate GFR in T1DM patients correlated with different levels of UAE. However, cystatin C-based equations presented best accuracy to detect macroalbuminuria in T1DM patients. Although cystatin C is not always available in clinical practice, cystatin C-based equations should be considered in the clinical routine in order to increase the possibility of early diagnostic of chronic renal disease. We emphasize that further studies aiming to discover new renal biomarkers are extremely important, since there is still no ideal biomarker to evaluate GFR and to detect early decline of renal function.
